Relationships between net plant CO2 exchange rate (CER) 
Net photosynthetic rate has been frequently suggested as a major limiting factor of plant vegetative growth and crop yield (24, 30) . However, other reports suggest a greater significance to yield for maximum canopy development, e.g. LAI' (8, 12, 24) and relative photosynthate partitioning between leaves, stems and roots (1 1, 14, 24) . Zelitch (30) , recently restated the close relationship between net CO2 assimilation and yield in citing reports by several other workers for a variety of crop types (2, 6, 18, 26, 27, 29) . In contrast, Gifford and Evans in their review (1 1), have suggested a poor correlation of net photosynthesis to yield based on other criteria (9, 10) . They further concluded that improved productivity must be primarily based on genetic selection for photosynthate partitioning to the harvested plant segment. Both assessments differ from the conclusions of Loomis et al. (20) who suggested a dynamic interaction between parameters. A consensus has been indicated only for the importance of the rate ofcanopy development and maximum LAI. Few studies, 'Abbreviations: LAI, leaf area index, refers to the total leaf area per plant divided by the land surface area occupied; CER, CO2 exchange rate; LAGR, leaf area growth rate; SGR; specific growth rate.
however, have examined the mutual relationships between CER, LAGR, and LAI over successive stages of growth. Further, the apparent disparity in results may be partially due to determining CER from single leaf measurements rather than on a canopy basis (30) . In this report for 'jubilee' tomato, we examine: (a) the relationship of LAGR to order ofleafemergence and whole plant CER, (b) dependence of total foliar growth rate on canopy CER and respective CER on LAI (c) correlation between leaf/stem dry weight at progressive stages of vegetative growth with different CER, and (d) relationship of CER and foliar growth to leaf starch accumulation. Controlled conditions were utilized to restrict environmental influence. Evaluation was based on a plant group comparison where a greater net photosynthetic rate was established for one experimental group through exposure to higher irradiation. Thermal effects were additionally evaluated by increasing temperature at weekly intervals.
MATERIALS AND METHODS
Plant Conditioning. Plants were germinated from seed2 (Ferry Morse Co.), cultivated in 15 cm plastic pots using a sterilized commercial soil mix, and irrigated daily with distilled H20 alternated with one-third strength Hoagland solution. Experiments were begun at the 3 to 4 leaf growth stage and conducted in our previously reported, dual chamber controlled-environment facility (4). Temperature and humidity control within ± 1 .3°C and +6% RH, respectively, were confirmed with a Bendix Model 566 wet bulb-dry bulb psychrometer. Irradiation was provided by a 1:1 mixture of Daylight and Growlux fluorescent lamps (200 uE m-2 s-') alternatively supplemented by high pressure sodium lamps (800 ,iE m-2 sg'). Irradiation was determined by a Lambda quantum/photometer with LI-1905 quantum sensor. Testing was conducted on a population basis (40-50 plants per chamber initially) and over a 4 week period of vegetative growth. Supplemental irradiation was alternatively applied during the middle 6 h ofthe 14 h light period to minimize photosynthetic period interaction (5) . Temperature was increased from 21 C day/l 8°C night to 28°C day/21C night and subsequently to 35°C day/28°C night during successive weeks of study. RH was maintained at 70% day/80% night. Photoperiod was 14 h light/10 h darkness with a ramping interval of 0.5 h for coinciding temperature-humidity change. Samples of 8 to 12 plants were removed for analysis at weekly intervals just prior to increases in temperature. Remaining plants were uniformly re2Reference to a company and/or product named by the Department is only for purposes of information and does not imply approval of recommendation of the product to the exclusion of others which may also be suitable. 711 distributed within the chamber at this time, providing a discontinuous change in LAI. This procedure resulted in a percentage of open space not accounted for in LAI following plant redistribution but was considered a necessary compromise to alleviate overlap during weekly growth.
Leaf Expansion and Total Leaf Area. Leaf expansion was followed over a 4 week period in emerging leaves with greater than 0.2 dm2 area for a 8 to 12 plant sample. These plants were uniformly spaced within each experimental population. Leafarea and CER were measured on alternate days throughout the study. Leafarea was determined by a nondestructive method previously described by Lyman et al. (21) where: a photoprint was made of separate leaves using a photoflood lamp and diazo paper, a transparency was made by photocopying, and image area was determined by a leaf area meter (Licor L-1500). For terminated plants (weekly samples), leaf area was determined from sample fresh weight and the ratio of leaf area to fresh weight. This ratio was established from subsample measurements with a leaf area meter. LAI was determined from multiplying average plant leaf area by the number of plants remaining in the chamber and dividing by the chamber surface area.
CO2 Exchange Rate and Daily CO2 Assimilation. CER was followed on a population basis (per chamber) by previously reported methods (3) using an infrared gas analyzer (Beckman model 865). Chamber CO2 levels were maintained at 340 ± 30 ,ul/L by controlled addition of compressed CO2 or passive mixture with ambient air. CER was determined from the recorded rate of change in chamber CO2 concentration at the 340 Ml/L level. This level and analyzer response were established from primary standards (Matheson Corp.). Net photosynthesis rates were obtained from four to five separate measurements taken intermittently either over the middle 6 h ofillumination ofwithin 1 h before and after higher irradiation exposure. When varying irradiation, 0.5 h equilibration period was allowed prior to CER -measurement. Respiration rates were measured both intermittently during weekly intervals and preceding and following weekly temperature increases. These measurements were taken after 15 (40, 20 , and 10 ml). The first two extraction volumes were decanted through a fluted filter paper (E and D 518). The residue was transferred to the filter paper with the last extraction volume. Ethanol was removed from the residue with a water rinse. In successive steps, the residue was transferred with 10 ml water to a 50 ml tube, placed in a boiling water bath for 10 min (starch gelation), and cooled to below 55C. A 5 ml portion of 0.1 M acetate buffer (pH 4.8) and 5 ml of 5% filtered glucoamylase solution were added to each tube and incubated at 55°C for 18 h. The solution was filtered through E and D 515 fluted filter paper and diluted to 100 ml with water. A 100 ul aliquot of each sample was then combined with 2 ml Glucozyme 500 solution (Worthington) and brought to 6 ml with water in matched colorimeter test tubes. The solution was incubated for 15 min at 37°C. The final glucose concentration was determined spectrophotometrically at 500 nm against a glucose standard curve using a 0.9 starch hydrolysis factor.
RESULTS AND DISCUSSION Leaf Expansion and Net Photosynthetic Rate per Leaf Area. Previous reports have suggested that net photosynthesis per plant, prior to canopy closure, may be expected to highly depend on new LAGR (17, 23, 26) . Conversely, net photosynthetic rate per leaf area has been indicated as an important determinant of LAGR (12, 22, 25, 26) . The specific relationship between these factors further appears to differ both among species and varieties (7, 12, 19) . CER and vegetative growth rate may also demonstrate an inverse relationship (19) .
Our results demonstrate the complexity of relating these factors. Individual leaf expansion rates and maximum leaf enlargement were shown as highly determined by the order ofemergence (Fig. 1) (Figs. 1, 2) .
In comparison, net photosynthesis per leaf area continuously declined over the study interval independent of experimental group and irradiation level (Fig. 3) . This decline was considered a result of both decreased photosynthetic activity with average leaf age and increased shading of older leaves (1, 8, 1 1) since changes in CER and LAI were not consistently related. In particular, maximum LAI was <0.5 with a discontinuous change in LAI (Fig. 2) demonstrating only a minimum effect on net photosynthesis/leaf area (Fig. 3) . Photosynthetic efficiency was strongly influenced by irradiation conditioning in contrast to maximum leaf expansion and was inversely related to LAGR of newly emerging leaves over the study interval. Interaction between LAGR of separate leaves and net photosynthetic rate per total leaf area would therefore appear to be restricted where each is more dependent on different factors. The continuity of rate change for individual leaf LAGR and net photosynthesis per leaf area over the study period further indicated a limited dependence on temperature for both parameters. Total Foliar Growth Rate and Daily CO2 Assimilation. Leaf area on a per plant basis increased at an approximate linear rate for both experimental groups (Fig. 2 ). Plants exposed to higher irradiation showed a 45% overall greater relative leafarea growth rate. This advantage appeared to be limited to the initial stages ofdevelopment, since specific leafarea growth rates3 were similar during latter growth for both groups.
In comparison, a 2-fold difference in CO2 assimilation per plant * day was shown between plant groups (Fig. 4) . Total LAGR per plant and net CO2 uptake per plant-day appeared to be closely related during the first 1 to 2 weeks, but poorly correlated in subsequent growth periods. By comparing these results to individual leaf expansion rates (Fig. 1 ), it appears that total LAGR was limited by CO2 assimilation during initial leaf emergence and expansion, while morphogenetic factors become more stringent upon approaching maximum expansion rate and limits of leaf enlargement. Daily CO2 assimilation per plant stabilized to a constant rate for both groups, but at a later stage in the development of those plants exposed to higher irradiation. This suggests the establishment of a maximum rate of canopy photosynthesis at a relatively early stage of vegetative growth. Based on these data, a close relationship would be expected between net CER and LAI under saturating irradiation as generally suggested from field studies (6, 27) . A relatively stringent control of total LAGR per plant was further evidenced by the similarity of specific leaf growth rates for both groups, where some chlorosis and premature senescence was observed in older leaves of plants exposed to lower irradiation.
Relative Leaf/Stem Growth and Leaf Starch Accumulation. Plants of both experimental groups demonstrated an approximately linear rate of vegetative growth (dry weight basis, Fig. 5 ) similar to total LAGR per plant (Fig. 2) . SGR of leaves and stems appeared highly related with relative net CER per leaf area and CO2 assimilation per plant-day, while each were poorly quantitated over the growth period (Figs. 3-5) .
A further effect of higher irradiation and subsequently greater CO2 assimilation was shown in a proportionately higher SGR of stems as compared to leaves. The greater growth of stems to leaves also appeared to increase as a function of temperature. Stem growth would therefore appear more specifically controlled by photosynthate partitioning.
Reports for tomato have indicated up to 50% ofthe assimilated carbon may be retained as soluble leafcarbohydrate (14, 15) , i.e. (13, 14) . These prior studies, however, were based on examination of single leaves. Our analysis of leaf starch (total plant foliage basis) indicated a different relationship (Table I) 
